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[57] ABSTRACT 
The signal provided by an oxygen sensor monitoring 
the exhaust discharge from an internal combustion en 
gine having a closed loop air/fuel ratio controller is 
compensated so that the controller is insensitive to the 
difference between the rich-to-lean and lean-to-rich 
time responses of the sensor signal. The compensated 
sensor signal has ?xed symmetrical voltage change 
slopes which‘ are set at a value smaller than the smallest 
of the two slopes of the sensor signal when the compen 
sated sensor signal being clamped at rich and lean volt 
ages that are respectively less than and greater than the 
sensor rich and lean voltages. 

2 Claims, 9 Drawing Figures 
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CLOSED LOOP AIR/FUEL RATIO CONTROL 
SYSTEM WITH OXYGEN SENSOR SIGNAL 

COMPENSATION 

This invention is directed toward a closed loop air/f 
uel ratio mixture controller for an internal combustion 
.engine employing a sensor exposed to the exhaust gas 
discharge of the engine. 
A single catalytic device may be utilized to accom 

plish both the oxidation and reduction necessary for 
minimizing the undesirable exhaust components dis 
charged from an internal combustion engine provided 
that the air/fuel mixture supplied to the engine is main 
tained within a narrow band near the stoichiometric 
ratio. A closed loop controller is generally employed to 
maintain the ‘mixture of the gases supplied to the con 
verter within this narrow band. The most common 
forms of these closed loop systems respond to a sensor 
that monitors the oxidizing/reducing conditions in the 
exhaust gases and provides a control signal for adjusting 
the air/fuel ratio of the mixture supplied to the engine. 
These systems commonly employ a zirconium oxygen 
sensor which provides an output signal that shifts rather 
abruptly between two voltage levels with small changes 
in the air/fuel ratio around the stoichiometric ratio. 
The zirconia oxygen sensor provides an output signal 

at a high voltage level when the air/fuel ratio of the 
mixture supplied to the internal combustion engine is 
less than the stoichiométric ratio and provides a rela 
tively low level voltage signal when the air/ fuel ratio of 
the mixture supplied to the internal combustion engine 
is greater than the stoichiometric ratio. However, these 
sensors are generally affected by such parameters as 
temperature, age and contamination. For example, the 
zirconia sensor is characterized in that its time response 
to changing oxidizing/reducing conditions in a ?rst 
direction through the stoichiometric ratio varies from 
its time response to changing oxidizing/reducing condi 
tions in the opposite direction throughthe stoichiomet 
ric ratio. Typically, the time response of the zirconia 
sensor to air/fuel ratios varying from a ratio greater 
than the stoichiometric ratio to a ratio less than the 
stoichiometric ratio is faster than the time response 
when the air/fuel ratio varies from a value less than the 
stoichiometric ratio to a value greater than the stoichio 
metric ratio. In addition, the sensor time response may 
vary with sensor use. 
The aforementioned sensor characteristic may affect 

the operation of the closed loop controller in its ability 
to maintain the air/ fuel ratio at the desired value such as 
the stoichiornetric ratio. For example, it is usual to pro 
vide a comparator switch which compares the ampli 
tude of the output signal from the zirconia sensor with 
a constant reference level having a value generally 
between the maximum and minimum values of the out 
put signal and which provides a two-level signal which 
represents the sense of deviation of the oxidizing/reduc 
ing conditions from the stoichiometric condition. How 
ever, in these systems, the aforementioned sensor char 
acteristic may result in the closed loop controller ad 
justing the air/fuel ratio of the mixture supplied to the 
engine to a value offset from the desired value thereby 
affecting the efficiency of the three-way catalytic de 
vice relative to at least one undesirable exhaust gas 
constituent. _ 

It is the general object of this invention to provide an 
improved air/ fuel ratio controller in which the output 
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2 
of the exhaust gas sensor is compensated so as topro 
vide a compensated sensor signal that is substantially 
independent of certain sensor characteristics. 

It is another object of this invention to provide for a 
closed loop air/fuel ratio controller for an internal com 
bustion engine in which the output signal from a sensor 
sensing the oxidizing/reducing conditions in the ex 
haust gases of the internal combustion engine is com 
pensated to provide a compensated sensor signal that is 
substantially independent of the sensor time response 
characteristics. 

It is another object of this invention to provide a 
compensated exhaust gas sensor signal in a closed loop 
air/fuel ratio controller that may be compared with a 
single constant reference signal to provide air/fuel ratio 
adjustments that are independent of the exhaust gas 
sensor time response characteristics. 
These and other objects of this invention may be best 

understood by reference to the following description of 
a preferred embodiment and the drawings in which: 
FIG. 1 illustrates an internal combustion engine in 

corporating a closed loop air/fuel ratio control system 
employing the principles of this invention; 
FIG. 2 illustrates a digital controller for controlling 

the air and fuel mixture supplied to the engineof FIG. 
1 in accord with the principles of this invention; 
FIGS. 3, 4 and 5 are diagrams illustrative of the oper 

ation of the digital controller of FIG. 2 so as to provide 
adjustment of the air/fuel ratio of the mixture supplied 
to the engine of FIG. 1 substantially independent of the 
time response characteristics of the sensor signal in 
accord with theprinciples of this invention; and 
FIGS. 6a thru 6d are graphs illustrating the operation 

of a conventional air/fuel ratio controller and the air/f 
uel ratio controller employing ‘the principles of this 
invention. 

Referring to FIG. 1, an internal combustion engine 10 
is supplied with a controlled mixture of fuel and air by 
a carburetor 12. The combustion byproducts from the 
engine 10 are exhausted to the atmosphere through an 
exhaust conduit 14 which includes a three-way catalytic 
converter 16. The catalytic converter 16 simultaneously 
converts carbon monoxide, hydrocarbons and nitrogen 
oxides with maximum three-way conversion if the air/f 
uel mixture supplied thereto is maintained near the stoi 
chiometric value. 
The air/fuel ratio of the mixture supplied by the car 

buretor 12 is selectively controlled either open loop or 
closed loop by means of an electronic control unit 18. 
During open loop control, the electronic control unit 18 
is responsive to predetermined engine operating param 
eters to generate an open loop control signal to adjust 
the air/ fuel ratio of the mixture supplied by the carbure 
tor in accord with a predetermined schedule. When the 
conditions exist for closed loop operation, the elec 
tronic control unit 18 is responsive to the output of an 
air/ fuel ratio sensor 20 positioned at the discharge point 
of one of the exhaust manifolds of the engine 10 and 
which senses the exhaust discharge therefrom to gener 
ate a closed loop control signal for adjusting the carbu 
retor 12 to obtain a predetermined air/fuel ratio such as 
the stoichiometric ratio. The sensor 20 is preferably of 
the zirconia type which generates an output voltage 
that achieves its maximum value when exposed to rich 
air/fuel mixtures and its minimum value when exposed 
to lean air/fuel mixtures. 
The electronic control unit 18 receives inputs from 

other sensors including an engine speed sensor provid 
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ing a speed signal RPM, an engine temperature sensor 
providing a temperature signal TEMP and a wide-open 
throttle switch providing a signal WOT when the throt 
tle is in a wide-open position. These sensors are not 
illustrated and take the form of any of the well known 
sensors for providing signals representative of the val 
ues of the aforementioned parameters. In general, the 
electronic control unit 18 is responsive to these signals 
to provide for the open loop air/ fuel ratio schedule and 
to provide selection between the open and closed loop 
operating modes of the control unit. 

In the present embodiment, the control signal output 
of the electronic control unit 18 takes the form of a 
pulse width modulated signal at a constant frequency 
thereby forming a duty cycle modulated control signal. 
This signal is coupled to the carburetor 12 to effect the 
adjustment of the air/fuel ratio supplied by the fuel 
metering circuits therein. In this embodiment, a low 
duty cycle output of the electronic control unit 18 pro 
vides for an enrichment of the mixture supplied by the 20 
carburetor 12 while a high duty cycle value is effective _ 
to lean the mixture. 
An example of a carburetor 12 with a controller re 

sponsive to a duty cycle signal for adjusting the mixture 
supplied by its fuel metering circuits is illustrated in the 
US. Pat. No. 4,178,332 which issued on Dec. 11, 1979, 
and which is assigned to the assignee of this invention. 
In this form of carburetor, the duty cycle modulated 
control signal is applied to a solenoid which adjusts 
elements in the fuel metering circuits to provide for the 
air/fuel ratio adjustment. 4 

Referring to FIG. 2, the electronic control unit 18 in 
the present embodiment takes the form of a digital com 
puter that outputs a pulse width modulated signal at a 
constant frequency to the carburetor 12 to effect adjust 
ment of the air/fuel ratio. The electronic control unit 18 
determines the required pulse width during open loop 
operation in accord with a predetermined schedule in 
response to measured engine operating parameters and 
determines the pusle width during closed loop opera 
tion in response to the oxidizing/reducing conditions in 
the exhaust gases as sensed by the sensor 20. 
The digital system includes a microprocessor 24 that 

controls the operation of the carburetor 12 by executing 
an operating program stored in an external read only 
memory (ROM). The microprocessor 24 may take the 
form of a combination module which includes a random 
access memory (RAM) and a clock oscillator in addi 
tion to the conventional counters, registers, accumula 
tors, ?ag ?ip flops, etc., such as a Motorola Micro 
processor MC-6802. Alternatively, the microprocessor 
24 may take the form of a microprocessor utilizing an 
external RAM and clock oscillator. 
The microprocessor 24 controls the carburetor 12 by 

executing an operating program stored in a ROM sec— 
tion of a combination module 26. The combination 
module 26 also includes an input/output interface and a 
programmable timer. The combination module 26 may 
take the form of a Motorola MC-6846 combination 
module. Alternatively, the digital system may include 
separate input/output interface modules in addition to 
an external ROM and timer. 
The input conditions upon which open loop and 

closed loop control of air/fuel ratio are based are pro 
vided to the input/output interface of the combination 
circuit 26. The discrete inputs such as the output of a 
wide-open throttle switch 30 are coupled to discrete 
inputs of the input/output interface of the combination 
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4 
circuit 26. The analog signals including the air/fuel 
ratio signal from the sensor 20 and the engine tempera 
ture signal TEMP are provided to a signal conditioner 
32 whose outputs are coupled to an analog-to-digital 
converter-multiplexer 34. The particular analog condi 
tion to be sampled and converted is controlled by the 
microprocessor 24 in accord with the operating pro 
gram via the address lines from the input/output inter 
face of the combination circuit 26. Upon command, the 
addressed condition is converted to digital form and 
supplied to the input/output interface of the combina 
tion circuit 26 and then stored in ROM designated loca 
tions in the RAM. - 
The duty cycle modulated output for controlling the 

air/fuel solenoid in the carburetor 12 is provided by an 
output counter section of an input/output interface 
circuit 36. The output pulses to the carburetor 12 are 
provided via a conventional solenoid driver circuit 37. 
The output counter section receives a clock signal from 
a clock divider 38 and a 10 hz signal from the timer 
section of the combination circuit 26. In general, the 
output counter section of the circuit 36 may include a 
register into which a binary number representative of 
the desired pulse width is inserted. Thereafter at fre 
quency of the 10 hz signal from the timer section of the 
circuit 26, the number is gated into a down counter 
which is clocked by the output of the clock divider 38 
with the output pulse of the output counter section 
having a duration equal to the time required for the 
down counter to be counted down to zero. In this re 
spect, the output pulse may be provided by a ?ip ?op 
that is set when the number in the register is gated into 
the down counter and reset by a carry signal from the 
down counter when the number is counted to zero. 
The circuit 36 also includes an input counter section 

which receives the speed pulses from an engine speed 
transducer or the engine distributor that gate clock 
pulses to a counter to provide an indication of engine 
speed. While a single circuit 36 is illustrated as having 
an output counter section and an input counter section, 
each of those sections may take the form of separate 
independent circuits. ‘ 
The microprocessor 24, the combination module 26 

and the input/output interface circuit 36 are intercon 
nected by an address bus, a data bus and a control bus. 
The microprocessor 24 accesses the various circuits and 
memory locations in the ROM and RAM via the ad 
dress bus. Information is transmitted between circuits 
via the data bus and the control bus includes lines such 
as read/write lines, reset lines, clock lines, etc. 
As previously indicated, the microprocessor 24 reads 

data and controls the operation of the carburetor 12 by 
execution of its operating program as provided in the 
ROM section of the combination circuit 26. Under con 
trol of the program, various input signals are read and 
stored in ROM designated locations in the RAM in the 
microprocessor 24 and the operations are performed for 
controlling the ratio of the air and fuel mixture supplied 
by the carburetor 12. ' 

Referring to FIG. 3, when power is ?rst applied to 
start the vehicle engine 10 and to apply power to the 
various circuits including the electronic control unit 18, 
the computer program is initiated at point 42 when 
power is ?rst applied and proceeds to step 44. At this 
step, the computer provides for initialization of the 
system. For example, at this step, system initial values 
stored in the ROM are entered into ROM designated 
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locations in the RAM in the microprocessor 24 and 
counters, flag flip flops and timers are initialized. 

After the initialization step 44, the program proceeds 
to step 46 wherein the program allows interrupt rou 
tines to occur. For example, this may be accomplished 
by resetting the interrupt mask bit in the microprocessor 
condition code register. After step 46, the program 
shifts to a background loop 48 which is continuously 
repeated. The background loop 48 may include routines 
for controlling functions such as EGR and may also 
include diagnostic and warning routines. 
While the system mayv employ numerous interrupts at 

various spaced intervals, it is assumed for purposes of 
illustrating this invention that a single interrupt routine 
is provided that is repeated each 100 milliseconds. Dur 
ing each 100 millisecond interrupt routine, the elec 
tronic control unit 18 determines the carburetor control 
pulse width in accord with the sensed engine operating 
conditions and issues a pulse to the carburetor solenoid 
driver 37. The 100 millisecond interrupt routine is initi 
ated by the timer section of the combination circuit 26 
which issues an interrupt signal at a 10 hz rate that 
interrupts the background loop routine 48. After each 
interrupt, the program enters the 100 millisecond inter 
rupt routine at step 49 and proceeds to step 50 where 
the carburetor control pulse width in the register in the 
output counter section of the input/ output circuit 36 is 
shifted into the output counter to initiate the generation 
of the carburetor control pulse as previously described. 
This pulse has a duration determined in accord with the 
engine operation to produce the duty cycle signal for 
adjusting carburetor 12 to obtain the desired air/fuel 
ratio of the mixture supplied to the engine 10. 
The program then proceeds to step 52 where the 

computer executes a read routine. During this routine, 
the discrete inputs such as from the wide-open throttle 
switch 30 are stored in ROM designated memory loca 
tions in the RAM, the engine speed determined via the 
input counter section of the input/output circuit 36v is 
stored at a ROM designated memory location in the 
RAM and various inputs to the analog-to-digital con 
verter including the engine temperature signal TEMP 
and the sensor 20 signal are one by one converted by the 
analog-to-digital converter-multiplexer 34 into a binary 
number representative of the analog signal value and 
stored in respective ROM designated memory locations 
in‘ the RAM. ' 

Following step 52, the program proceeds to a deci 
sion point 54 where the engine speed stored in the RAM 
at step 52 is read from the RAM and compared with a 
calibration reference engine speed value SRPM that is 
less than the engine idle speed, but greater than the 
cranking speed during engine start. If the engine speed 
is not greater than the reference speed SRPM, indicat 
ing the engine has not started, the program proceeds to 
an inhibit mode of operation at step 56 where the carbu 
retor control pulse width for controlling the carburetor 
12 and which is stored at a RAM location designated by 
the ROM to‘ store the carburetor control pulse width is 

‘ set essentially to zero thereby producing a Zero percent 
duty cycle signal for setting the carburetor 12 to a rich 
setting to assist vehicle engine starting. . 

If the engine speed is greater than the reference speed 
SRPM indicating the engine is running, the program 
proceeds from the decision point 54 to a decision point 
58 where it is determined whether or not the engine is 
operating at wide-open throttle thereby requiring 
power enrichment. This is accomplished by addressing 
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6 
and sampling the information stored in the ROM desig 
nated memory location in the RAM at which the condi 
tion of the wide-open throttle switch 30 was stored at 
step 52. If the engine is at wide-open throttle, the pro 
‘gram proceeds to step 60 at which an enrichment rou 
tine is executed wherein the width of the carburetor 
control pulse width resulting in the duty cycle required 
to control the carburetor 12 for power enrichment is 
determined and stored in the RAM memory location 
designated to store the carburetor control pulse width. 

If the engine is not- at wide-open throttle, the program 
proceeds from the decision point 58 to the decision 
point 62 where it is determined if the air/fuel ratio sen 
sor 20 isoperational. In this respect, the system deter 
mines the operational status of the'sensor 20 by the 
value of its temperature or impedance. If the air/fuel 
ratio sensor 20 is determined to be inoperative (high 
impedance or cold temperature) the program proceeds 
to the step 64 where an open loop mode routine is exe 
cuted. During this mode, an open loop pulse width is 
determined in accord with input parameters such as 
engine temperature read and stored in the RAM at 
program step 52. The determined open loop pulse width 
is stored in the RAM location assigned to store the 
carburetor control pulse width. 

If at decision point 62 the air-fuel sensor is determined 
to be operational, the program proceeds to the step 66 
where the engine temperature stored in the RAM at 
step 52 is compared with a predetermined open loop to 
closed loop calibration value stored in the ROM. If the 
engine temperature is below this value, the program 
proceedsto the step 64 and executes the open loop 
routine previously described. If, however, at decision 
point 66 it is determined that the engine temperature is 
greater than the calibration value, all the conditions 
exist for closed loop operation and the program pro 
ceeds to step 68 where the closed loop routine is exe 
cuted to determine the carburetor control signal pulse 
width in accord with the sensed air/fuel ratio. The 
determined closed loop pulse width is stored in the 
RAM location assigned to store the carburetor control 
pulse width. 
From each of the program steps 56, 60, 64 and 68, the 

program cycle proceeds to a step 70 at which the carbu 
retor control pulse width determined in the respective 
one of the operating modes is read from the RAM and 
entered in the form of a binary number into the register 
in the output counter section of the input/output circuit 
36. This value is thereafter inserted into the down 
counter at step 50 during the next 100 millisecond inter 
rupt period to initiate a pulse output to the air-fuel sole 
noid having the desired width. The carburetor control 
pulse is issued to energize the air/fuel ratio control 
solenoid in the carburetor 12 each 100 millisecond inter 
rupt period so that the pulse width issued at a 10 hz 
frequency de?nes the variable duty cycle control signal 
for adjusting the carburetor 12. 
As previously indicated, the voltage output of the 

sensor 20 achieves its maximum value with rich air-fuel 
mixtures and its minimum value with lean air-fuel mix 
tures. Further, the output voltage from the sensor 20 
exhibits an abrupt change between the high and low’ 
voltage values as the air/fuel ratio of the mixture passes 
through the stoichiometric ratio. 
The sensor 20 is generally characterized in that its 

time response to an air/fuel ratio varying from a value 
greater than the stoichiometric ratio to a value less than 
the stoichiometric ratio is faster than the time response 



4,337,745 
7 

to an air/fuel ratio varying from a value less than the 
stoichiometric ratio to a value greater than the stoichio 
metric ratio. Further, this difference in time response to 
changing air/fuel ratios in one direction from the time 
response to changing air/fuel ratios in the other direc 
tion varies as a function of ambient conditions such as 
temperature and sensor aging. 
FIG. 6a illustrates the condition where the response 

of the oxygen sensor 20 when responding to a lean-to 
rich transition of the air/fuel ratio relative to the stoi 
chiometric ratio is faster than its time response when 
responding to a rich-to-lean transition of the air/fuel 
ratio relative to the stoichiometric ratio. The frequency 
of the sensor signal of FIG. 6a is the limit cycle fre 
quency of the closed loop control and is generally de 
termined by the engine 10 transport delay and the time 
constant of the closed loop control. The sensor time 
response characteristic shown in FIG. 6a in conjunction 
with conventional sensor signal processing circuits 
would generally result in the electronic control unit 18 

5 

controlling the carburetor 12 so as to supply an air/fuel I 
ratio which is offset from the stoichiometric ratio in the 
lean direction. For example, if the oxygen sensor signal 
were utilized in the conventional manner employing a 
comparator which compares the output of the sensor 
with a constant reference level which represents the 
stoichiometric ratio and provides a two-level output 
signal having one state indicating a rich air/fuel ratio 
and a second state indicating a lean air/fuel ratio, the 
two state representation of the air/fuel ratio relative to 
the stoichiometric ratio would indicate a time relation 
ship between rich and lean wherein the duration of the 
rich indication would exceed the duration of lean indi 
cation even though the actual time duration that the 
air/fuel ratio is greater than the stoichiometric ratio is 
equal to the time duration that the air/fuel ratio is less 
than the stoichiometric ratio. Consequently, the integral 
term output of the controller when operating in closed 
loop would adjust the average air/fuel ratio to a value 
greater than the stoichiometric ratio and until a point is 
reached where the sensor signal processing circuit out 
put represents the time duration of the rich excursions 
equalling the time durations of the lean excursions. This 
result in response to the sensor output voltage of FIG. 
6a is illustrated in FIG. 6b. As seen in this ?gure, the 
actual air/ fuel ratio provided in response to the signal of 
FIG. 6a is offset in the lean direction from the stoichio 
metric ratio. 

In accord with this invention, the closed loop mode 
routine 68 of FIG. 4 provides a compensated sensor 
signal which is independent of the sensor characteristics 
and particularly the variation of the sensor output signal 
in response to rich-to-lean and lean-to-rich air/ fuel ratio 
excursions. The resulting adjustment of the carburetor 
to provide the stoichiometric ratio is therefore indepen 
dent of this sensor characteristic so that the average 
air/ fuel ratio provided to the engine 10 is the stoichio 
metric ratio so that maximum conversion ef?ciency is 
obtained by the three-way converter 16. 

In general, and as illustrated in FIG. 60, the compen 
sated sensor signal that is provided in response to the 
actual output signal of the sensor 20 increases at a con 
stant rate that is less than the smallest rate of change of 
the sensor signal over the sensor life and operating 
temperature range in response to a change in the ox 
idizing/reducing condition through the stoichiometric 
condition when the sensor signal is greater than the 
compensated sensor signal and that decreases at the 
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8 
constant rate when the sensor signal is less than the 
compensated sensor signal. Further, the maximum 
value of the compensated sensor signal is limited to a 
value less than the maximum output of the sensor signal 
and the minimum value of the compensated sensor sig 
nal is limited to a value that is greater than the lowest 
value of the sensor signal. This compensated sensor 
signal is then compared with the reference signal repre 
senting a stoichiometric ratio to provide an indication of 
the sense of deviation of the air/fuel ratio from the 
stoichiometric ratio to provide the closed loop control 
signal for adjusting the carburetor 12 to supply the 
stoichiometric ratio as illustrated in FIG. 6d. 

Referring to FIG. 5, the closed loop routine incorpo 
rating the principles of this invention is illustrated. The 
routine is entered at point 72 and the program then 
proceeds to the decision point 74 where the value of the 
sensor 20 signal read and stored at step 52 is compared 
with the value of a compensated sensor signal stored in 
a ROM designated RAM location. If the sensor signal is 
greater than the compensated sensor signal, the pro 
gram proceeds to a decision point 76 where the differ 
ence is compared to a calibration value K ‘which, in 
conjunction with the 100 millisecond interrupt period, 
determines the slope of the compensated sensor signal. 
if the difference is greater than the value K indicating 
that the slope of the sensor signal is greater than the 
compensated sensor signal by an amount determined by 
the value of K, the program proceeds to a step 78 where 
the value of the compensated sensor signal stored in the 
RAM is increased by the constant K. However, if at 
step 76 it is determined that the difference between the 
sensor signal and the compensated sensor signal is less 
than the constant K, the compensated sensor signal is 
set equal to the value of the oxygen sensor signal at step 
80. From each of the steps 78 and 80, the program pro 
ceeds to the step 82 where the value of the compensated 
sensor signal is limited to the calibration constant KH] 
which is less than the value of the sensor signal in re 
sponse to a rich air/fuel ratio. The steps 76, 78 or 80, 
and 82 function to provide the compensated signal that 
increases at a constant rate to the limited value K111 
during the time period that the sensor signal is greater 
than the compensated sensor signal. 

If it is determined at step 74 that the compensated 
sensor signal is greater than the sensor signal, the pro 
gram proceeds to the decision point 84 where the differ 
ence is compared to the calibration constant K previ 
ously described. If the difference is greater than the 
calibration constant K, the program proceeds to the 
step 86 where the compensated sensor signal value 
stored in the RAM is decreased by the value K. How 
ever, if it is determined at step 84 that the difference 
between the sensor signal and the compensated sensor 
signal is less than the value K, the compensated sensor 
signal is set equal to the oxygen sensor signal at step 88. 
From each of the steps 86 and 88, the program proceeds 
to the step 90 where the minimum value of the compen 
sated sensor signal is limited to a calibration constant 
KLO. The computer program steps 84, 86 or 88 and 90 
function to provide the compensated sensor signal de 
creasing at a constant rate to the value KLO during the 
time period that the sensor signal is less than ‘the com 
pensated sensor signal. The resulting compensated sen 
sor signal and its relationship to the sensor signal is 
illustrated in the FIG. 6c. 
From steps 82 and 90, the program proceeds to a step 

92 where the condition of a rich-lean flag in the micro 
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processor 24 is saved in a ROM designated RAM loca 
tion. The condition of this flag represents the rich or 
lean state of the air/fuel ratio during the prior 100 milli 
second interrupt period. I 
From step 92, the program proceeds to a decision 

point 94 where the value of the compensated sensor 
signal is compared with a reference voltage vrefrepre 
.senting a stoichiometric air/fuel ratio. If the compen 
sated sensor voltage is greater'than this reference volt 
age, representing a rich air/fuel ratio, the program pro 
ceeds to a step 96 where the rich-lean flag in the micro 
processor 24 is set to indicate a rich air/fuel ratio. If the 
compensated sensor signal is less than the reference 
voltage, the program proceeds from step 94 to the step 
98 where the rich-lean flag is reset to indicate a lean 
air/fuel ratio. . 

From each of the steps 96 and 98, the program pro 
ceeds to the decision point 100 where the present rich or 
lean state of the air/fuel ratio relative to the stoichio 
metric ratio represented by the state of the rich-lean ?ag 
in the microprocessor 24 is compared with the state of 
the rich-lean‘ ?ag saved at step 92 and representing the 
rich or lean state of the air/fuel ratio during the prior 
100 millisecond interrupt period. If the comparison 
indicates a rich-lean transition has not occurred, only an 
integral term adjustment is provided to the stored car 
buretor control pulse width and the program cycle 
proceeds to a decision point 102. If a lean-to-rich transi 
tion is detected, the program proceeds to a step 104 
wherein a predetermined proportional term value 
stored in the ROM is added to the carburetor control 
pulse width value stored in the RAM to effect a propor 
tional step increase in the duty cycle of the carburetor 
control signal. If a rich-to-lean transition is detected, the 
program proceeds to a step 106'wherein a predeter 
mined proportional term value stored in the ROM is 
subtracted from the carburetor control pulse width 
stored in the RAM to effect a proportional step de 
crease in the duty cycle of the carburetor control signal. 
From either of the steps 104- and 106, the program 

cycle proceeds to the decision point 102 where the rich 
or lean state or the air/fuel ratio represented by the 
rich-lean flag in the microprocessor 24 is sensed. If the 
rich-lean ?ag is set representing a rich air/fuel ratio, the 
program cycle proceeds to a step 108 where a predeter 
mined integral step is added to the carburetor control 
pulse width value stored in the RAM. If the rich-lean 
flag is reset indicating the air/fuel ratio is lean relative 
to the stoichiometric ratio, a predetermined integral 
step is subtracted at a step 110 from the carburetor 
control pulse width stored in the RAM. From each of 
the steps 108 and 110 the program exits the closed loop 
mode routine at step 112 and proceeds to the step 70 
previously described. 
During continued closed loop operation of the elec 

tronic control unit 18, the carburetor control duty cycle 
varies in direction tending to restore the stoichiometric 
air/fuel ratio in response to the compensated sensor 
signal. The resulting carburetor control duty cycle is 
illustrated in the FIG. 6d. As seen in this ?gure, the 
average of the limit cycle carburetor control duty cycle 
provided to adjust the air/fuel ratio controls the carbu 
retor to a stoichiometric air/ fuel ratio as opposed to the 
offset air/fuel ratio illustrated in FIG. 6b in response to 
the actual oxygen sensor signal. 
As can be seen from the foregoing, the closed loop 

duty cycle is provided in response to a compensated 
sensor signal that is insensitive to the variations in the 
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time response of the oxygen sensor to transitions in the 
air/fuel-ratio between rich and lean values. The provi 
sion of the compensated sensor signal that is symmetri 
cal‘abou't a single reference value with which it is com 
pared provides for the control of the air/ fuel ratio to the 
stoichiometric ratio without any offset thereby maxi 
mizing the three-way conversion efficiency of the 
three-way converter '16. 
The foregoing description of a preferred embodiment 

for the purpose of illustrating the invention is not to be 
considered as limiting or restricting the invention, since 
many modi?cations may be made by one skilled in the 
art Without departing from the scope of the invention. 
The embodiments of the invention in which an exclu 

sive property or privilege is claimed are de?ned as 
follows: 

1. A fuel control system for an internal combustion 
engine having means de?ning an exhaust passage into 
which spent combustion gases are discharged, compris 
ing, in combination: 
a sensor responsive to the oxidizing/reducing condi 

tions in the exhaust passage effective to generate a 
sensor signal varying between high and low values 
when the oxidizing/ reducing condition of the exhaust 
gases varies through a stoichiometric condition, the 
time response of the sensor signal to changing ox 
idizing/reducing conditions in one direction through 
the stoichiometric condition varying from its time 
response to changing oxidizing/reducing conditions 
in the opposite direction through the stoichiometric 
condition and varying with sensor aging and'operat 
ing temperature; 

means responsive to the sensor signal effective to gener 
ate a compensated sensor signal (A) increasing at a 
constant rate less than the smallest rate of change of 
the sensor signal over the sensor life and operating 
temperature range in response to a change in the 
oxidizing/reducing condition through the stoichio 
metric condition when the sensor signal is greater 
than the compensated sensor signal and (B) decreas 
ing at the constant rate when the sensor signal is less 
than the compensated sensor signal; 

means effective to limit the maximum value of the com 
pensated sensor signal to a value less than the sensor 
signal high value and limiting the minimum value of 
the compensated sensor signal to a value greater than 
the sensor signal low value; 

means effective to compare the compensated sensor 
signal to a reference value intermediate the limited 
values of the compensated sensor signal and which 
represents a desired oxidizing/reducing condition of 
the exhaust gases and providing an error signal; and 

means responsive to the error signal effective to adjust 
the ratio of the air-fuel mixture supplied to the engine 
in a sense tending to restore the desired oxidizing/re 
ducing condition, the adjustment of the air-fuel ratio 
being independent of variations of the time response 
of the sensor signal. 
2. The method of generating a compensated sensor 

signal from the sensor signal provided by a sensor moni 
toring the oxidizing/reducing condition in the exhaust 
gases discharged from an internal combustion engine 
for use in a closed loop air/fuel ratio controller, com 
prising the steps of: 
comparing the value of the sensor signal with the value 

of the compensated sensor signal; 
increasing the value of the compensated sensor signal at 

a constant rate less than the smallest rate of change of 
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the sensor signal in response to a change in the ox 
idizing/reducing condition through the stoichiomet 
ric condition when the value of the sensor signal is 
greater than the value of the compensated sensor 
signal; 

decreasing the value of the compensated sensor signal at 
the constant rate when the value of the sensor signal 
is less than the value of the compensated sensor sig 
nal; and 
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limiting the compensated 
12 
sensor signal to values be 

tween a maximum value less than the maximum sen 
sor signal value and a minimum value greater than the 
minimum sensor signal value, the compensated sensor 
signal being independent of differences in the time 
response of the sensor signal in response to changes in 
the oxidizing/reducing conditions through the stoi 
chiometric condition. 

* * * it ill 


